Growing and regenerating axons need to interact with the molecules in the extracellular matrix as they traverse through their environment. An important group of receptors that serve this function is the integrin superfamily of cell surface receptors, which are evolutionarily conserved ␣␤ heterodimeric transmembrane proteins. The function of integrins is controlled by regulating the affinity for ligands (also called "integrin activation"). Previous results have shown that CNS inhibitory molecules inactivate axonal integrins, while enhancing integrin activation can promote axon growth from neurons cultured on inhibitory substrates. We tested two related molecules, kindlin-1 and kindlin-2 (Fermitin family members 1 and 2), that can activate ␤1, ␤2, and ␤3 integrins, for their effects on integrin signaling and integrin-mediated axon growth in rat sensory neurons. We determined that kindlin-2, but not kindlin-1, is endogenously expressed in the nervous system. Knocking down kindlin-2 levels in cultured sensory neurons impaired their ability to extend axons, but this was partially rescued by kindlin-1 expression. Overexpression of kindlin-1, but not kindlin-2, in cultured neurons increased axon growth on an inhibitory aggrecan substrate. This was found to be associated with enhanced integrin activation and signaling within the axons. Additionally, in an in vivo rat dorsal root injury model, transduction of dorsal root ganglion neurons to express kindlin-1 promoted axon regeneration across the dorsal root entry zone and into the spinal cord. These animals demonstrated improved recovery of thermal sensation following injury. Our results therefore suggest that kindlin-1 is a potential tool for improving axon regeneration after nervous system lesions.
Introduction
To regenerate in the damaged CNS, axons must be able to interact with the surrounding extracellular matrix (ECM). Integrins are ␣␤ heterodimeric transmembrane proteins that interact with ECM molecules (Hynes, 2002; Lemons and Condic, 2008) . Their functions are regulated by a conformational change in the extracellular domain from a low-affinity to a high-affinity state (also called "inside-out " signaling or integrin activation) and "outside-in " signaling (the signaling cascades propagated intracellularly following integrin-ligand binding). Enhancing ligand-binding affinity via integrin activation promotes neurite outgrowth from cultured CNS and PNS neurons (Ivins et al., 2000; Lein et al., 2000; Lemons and Condic, 2006; Tan et al., 2011) . Crucially, integrin activation also enhances the ability of neurons to extend axons in the presence of inhibitory molecules such as amino-Nogo and the chondroitin sulfate proteoglycan (CSPG) aggrecan, which can both inactivate axonal integrins (Hu and Strittmatter, 2008; Tan et al., 2011) and are highly expressed after a CNS injury (Liu et al., 2006) .
Many pathways affect integrin activation, but they mediate their effect via two families of protein, kindlin and talin, that bind to two distinct sites of the cytoplasmic domain of ␤ integrins. Kindlins (kindlin-1, -2, -3) are evolutionarily conserved proteins containing the four point one protein, ezrin, radixin, and moesin (FERM) domain (Moser et al., 2009 ) that promote localization to integrin-linked adhesion sites such as focal adhesions and podosomes (Ussar et al., 2006) . Kindlin-1 is found predominantly in epithelial cells, kindlin-2 is present in all tissues except blood cells, while kindlin-3 is expressed exclusively in cells of the hematopoietic system (Moser et al., 2009) . Loss of kindlin results in impaired integrin activation, leading to abnormalities ranging from skin and intestinal disorders (kindlin-1), early, preimplantation embryonic lethality (kindlin-2), and defective coagulation and leukocyte adhesion deficiency (kindlin-3) (Lai-Cheong et al., 2010) . Kindlin-2-deficient zebrafish display nervous system abnormalities (Dowling et al., 2008a) , but otherwise little is known about kindlin function in the nervous system. Meanwhile, coex-pression of kindlin with talin FERM domain produces a synergistic activation of integrin (Ma et al., 2008; Montanez et al., 2008) through a direct interaction between the proteins and ␤ integrin cytoplasmic tails (Harburger et al., 2009) .
Here, we examined the role of kindlin-1 and kindlin-2 in axon growth from cultured neurons, and the potential effects on axon regeneration using an in vivo dorsal root crush model. In addition, we investigated the effect of manipulation of kindlin on integrin functions, which are impaired by molecules that are upregulated in the damaged CNS.
Materials and Methods
Dorsal root ganglion neuron culture. Dorsal root ganglia (DRGs) were dissected from Sprague Dawley rats (ϳ3 months). The ganglia were collected, dissociated with collagenase and trypsin, rinsed in calcium-and magnesiumfree PBS, transfected with expression constructs encoding mCherry, kindlin-1-mCherry or kindlin-2-mCherry, and plated onto laminin (1 g/ml) or aggrecan-laminin (25:1 g/ml) in DMEM supplemented with insulintransferrin-selenium (1ϫ), penicillin-streptomycin-fungizone (1ϫ), and 10 ng/ml nerve growth factor.
To culture DRG explants, the ganglia were removed, cut into four to six smaller pieces, and placed onto aggrecan-laminin (25:1 g/ml) in the same medium as above.
Retinal ganglion cell culture. Eyes from Sprague Dawley rats were removed, and the retinas were dissected out and dissociated using the papain dissociation kit (Worthington). Briefly, papain and DNase (1:10) were added and incubated at 37°C for 90 min. Then, the cells were triturated, and the resulting cell suspension was transferred to a new tube for centrifugation at 300 ϫ g at room temperature for 5 min. The supernatant was then discarded, and the pellet was resuspended in a resuspension solution (containing EBSS, albumin ovomucoid inhibitor, and DNase). After that, the cell suspension was centrifuged through a discontinuous density gradient prepared by albumin ovomucoid inhibitor at 70 ϫ g at room temperature for 6 min. The pellet collected was subsequently resuspended in Neurobasal A supplemented with B27, L-glutamine (2 mM), and gentamicin (1:200). Dissociated retinal ganglion cells (RGCs) were then plated onto laminin (10 g/ml) at 100,000 cells/well and cultured for 5-7 d in Neurobasal A supplemented with B27 (1ϫ), 2 mM L-glutamine, and gentamicin.
Hippocampal neuron culture. Primary hippocampal neuron cultures were prepared as described by Marland et al. (2011) . Briefly, hippocampal tissues were dissected out from Sprague Dawley rat embryos [embryonic day 18 (E18)] in calcium-and magnesium-free HBSS (HBSS-CMF), digested with 0.25% trypsin (Invitrogen) for 15 min at 37°C, plated onto coverslips coated with poly-D-lysine (PDL) (0.25 mg/ml) in DMEM supplemented with 10% fetal calf serum and an additional 0.8% glucose at a density of 1 ϫ 10 5 cells/ml. After 4 h, the culture medium was changed to Neurobasal supplemented with B27 (2ϫ) and GlutaMAX (1ϫ) for 21 d (culture medium changed every 7 d).
Mixed cerebellar culture. Primary mixed cerebellar cultures were prepared by following Furuya et al. (1998) , with slight modifications. Briefly, whole cerebella were dissected out from Sprague Dawley rat embryos (E18) in ice-cold HBSS-CMF, digested with 0.1% trypsin for 10 min at 37°C, plated onto coverslips coated with PDL (0.5 mg/ml) at a density of 5 ϫ 10 6 cells/ml, and cultured in DMEM/F12 supplemented with B27 (1ϫ), N2 supplement (1ϫ), GlutaMAX (1ϫ), and T3 hormone (0.5 ng/ml) for 17 d (culture medium changed every 7 d).
Human embryonic kidney cells. Human embryonic kidney (HEK) cells were plated on PDL-coated T25 tissue culture flasks in DMEM supplemented with 10% fetal calf serum. mCherry, kindlin-1-mCherry, and kindlin-2-mCherry DNA construct transfection was performed using the Neon Transfection System (Invitrogen), with the parameters of 1300 V, three pulses, and 10 ms pulse duration. Successfully transfected cells were selected using G418 (1 mg/ml), until ϳ95% of cells were positive.
Transfection of DRG neurons. Transfection of dissociated DRG neurons was performed using Neon Transfection Kit (Invitrogen; MPK1096), following the manufacturer's instructions, with the parameters of 1200 V, two pulses, and 20 ms pulse duration.
Knockdown of kindlin-2. The expression vector pSUPER (Oligoengine) was used to produce a short hairpin RNA (shRNA) to mediate kindlin-2 knockdown. Two sequences targeting kindlin-2 (target base pairs 1536 -1554 and 1690 -1708 in the kindlin-2 coding sequences) were designed as follows:(1)sense,5Ј-GATCCCCCAGACAGCTCTTACAACCTTTCAAG AGAAGGTTGTAAGAGCTGTCTGTTTTTA-3Ј; antisense, 5Ј-AGCTT AAAAACAGACAGCTCTTACAACCTTCTCTTGAAAGGTTGTAAGA GCTGTCTGGGG-3Ј; (2) sense, GATCCCCCAAACAGATAACAGCAC GGTTCAAGAGACCGTGCTGTTATCTGTTTGTTTTTA-3Ј;
antisense, AGCTTAAAAACAAACAGATAACAGCACGGTCTCTTGAAC CGTGCTGTTATCTGTTTGGGG-3Ј. The sense and antisense oligonucleotides were annealed using an annealing buffer (100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, and 2 mM magnesium acetate). pSUPER vector was digested using restriction endonucleases HindIII and BglII. The annealed oligonucleotides were subsequently ligated into the vector and cloned in bacteria. Transfection of DRG neurons with these shRNA-producing constructs were performed using Neon Transfection Kit (Invitrogen), with the same parameters as for plasmid transfection described above.
Postfixation immunocytochemistry. Cell cultures on coverslips were fixed with 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100, blocked with goat or donkey serum, and incubated with primary antibodies at 4°C overnight. They were then washed and incubated with secondary antibodies for 1 h at room temperature before being mounted on slides. Primary antibodies were used against kindlin-1, kindlin-2 [both raised in rabbits, as described by Ussar et al. (2006) ], ␤III-tubulin (Sigma-Aldrich; T8660; 1:400), Purkinje cell protein 2 (Abgent; AP6356P; 1:2000), pY397 FAK (Biosource; 44-624G; 1:100), GFP (Abcam; ab6662; 1:500), and mCherry (Clontech; 632543; 1:200).
Live immunocytochemistry. Antibody against activated integrin, 9EG7 (BD Biosciences Pharmingen; 550531; 1:50 in culture medium), was added to the cultures for 15 min at 37°C. After washing with culture medium, the cultures were fixed with 4% PFA. They were then incubated in FITC-conjugated goat anti-rat antibody for 1 h, before being mounted on slides.
Axon growth assay. Two parameters were quantified as a measure of axon growth for the in vitro experiments as follows: (1) percentage of neurons with axons longer than the cell body diameter and (2) average of the longest axons extended by each neuron.
Quantitative immunofluorescence. At least 20 axons per coverslip were first selected at random and imaged. An area of axon (Ͼ30 m long) was then traced, and the fluorescence intensity of immunostaining was analyzed using the Leica Application Suite (Leica Microsystems).
In situ hybridization. Templates for in situ hybridization probe synthesis were generated by PCR using primers for mouse kindlin-1, attached with SP6orT7promotersequence:sense,5Ј-ATTTAGGTGACACTATAGATGC GAGTTTAGGGATGTCAG-3Ј; antisense, 5Ј-TAATACGACTCACTATA GGATGTTCCAGCCTCGATCTTTG-3Ј and 5Ј-TAATACGACTCACTAT AGGTGATAGCCCTTTGACAGAGCA-3Ј, generating PCR products of 410 and 489 bp, respectively. In vitro transcription for RNA probes was achieved using SP6 or T7 RNA polymerase from the DIG RNA Labeling Kit (SP6/T7) (Roche). In situ hybridization on DRG sections was performed as described by Carulli et al. (2006) .
RNA extraction from cultures. RNA was extracted using acid guanidinium thiocyanate phenol chloroform method. Briefly, DRG neurons or HEK cell cultures detached from the culture surface using trypsin and were scraped with a cell scraper. The collected materials were centrifuged at 13,000 rpm at 4°C for 2 min. The pellet was then lysed with Solution D (containing guanidinium thiocyanate, 0.75 M sodium citrate, 10% N-lauroylsarcosine, and ␤-mercaptoethanol) and kept on ice for 15 min. Subsequently, 2 M Na-acetate, pH 4 (1:10 v/v; Sigma-Aldrich), and watersaturated phenol (1:10 v/v) were added, followed by chloroform/isoamyl alcohol (49:1; 1:5 v/v; Fluka). The samples were kept on ice for 15 min and centrifuged at 13,000 rpm at 4°C for 15 min. The top layer (aqueous phase) was collected and RNA was precipitated with cold isopropanol (1.25:1 v/v) at Ϫ80°C for at least an hour. After thawing, the mixture was centrifuged at 13,000 rpm at 4°C for 15 min. The pellet was collected, washed with cold 70% ethanol, left to dry, and resuspended in DEPCtreated water. RNA samples were then treated with DNase to remove any contaminating DNA remaining in the sample.
Reverse transcription-PCR. Reverse transcription was performed using SuperScript III First-Strand cDNA Synthesis kit (Invitrogen). Primers were generated to detect the following: kindlin-1 (forward, 5Ј-CTACAC CTTCTTTGACTTGAATCC-3Ј; reverse, 5Ј-TGCGAGTTTAGGGATG TCAG-3Ј) and kindlin-2 (forward, 5Ј-GTACCGAAGTAGACTGCA AGG-3Ј; reverse, 5Ј-GCAGACCCGATTTCTATATTGG-3Ј), generating PCR products of 298 and 588 bp, respectively. PCR products were subjected to agarose gel electrophoresis at 100 -130 V for ϳ45 min.
Western blot. Cell lysates from DRG or HEK cell cultures were collected in RIPA buffer (Roche), supplemented with protease inhibitors and phosphatase inhibitor mixtures (Roche). The protein concentrations were subsequently determined using BCA Protein Assay Kit (Pierce). Protein extracts were subjected to SDS-PAGE and blotted onto activated polyvinylidene difluoride (Hybond-P) membranes (GE Healthcare). The membrane were blocked with 5% skimmed milk in Tris-buffered saline with Tween 20 (TBST), and then incubated with primary antibodies at 4°C overnight. This was followed by incubation in HRP-conjugated secondary antibodies at room temperature for 1 h. Protein bands were visualized using ECL-detecting reagents (GE Healthcare).
Preparation of mCherry and kindlin-1-mCherry viruses. To subclone kindlin-1-mCherry construct into an adenoassociated viral (AAV) vector, kindlin-1-mCherry insert was first amplified through PCRs with primers linked to restriction site sequences [forward (containing EcoRI site), 5Ј-CCGGGAATTCACCATGGTGAGCAAGGGCGA-3Ј; reverse (containing XbaI site), 5Ј-CCGGTCTAGATCAGTCCTGACCGCCA GT-3Ј] using Finnzymes Phusion Hot Start High Fidelity DNA Polymerase (Finnzymes). The PCR products were subjected to agarose gel electrophoresis, and the bands of the correct size (ϳ2700 bp) were cut out and purified using the Wizard SV Gel and PCR Cleanup System (Promega). Subsequently, the DNA fragments were digested with EcoRI and XbaI restriction enzymes to produce sticky ends, before being separated by gel electrophoresis and purified again. The AAV2 vector was digested and purified in a similar manner. The subcloning of control mCherry construct into the AAV vector was made with the following modifications: The primers used for the PCR for DNA amplification were as follows: forward (containing EcoRI site), 5Ј-CCGGGAATTCAC CATGGTGAGCAAGGGCGA-3Ј; reverse (containing XbaI site), 5Ј-CC GGTCTAGACTTGTACAGCTCGTCCAT-3Ј; which produced a DNA fragment of ϳ700 bp. mCherry and kindlin-1-mCherry inserts and AAV vector were ligated using a T4 ligase kit (Promega), and the resulting ligation products were then transformed into bacteria. A single clone containing the correct sequence was then amplified and purified using a Megaprep Kit (Invitrogen). The DNA constructs in the AAV vectors were used to produce AAV serotype 2 (AAV2) viruses at high titers, in association with The Christopher and Dana Reeve Foundation Consortium Vector Core, The Salk Institute, and Virapur.
Dorsal root injury with concurrent DRG injection of virus. Animal surgeries were performed in accordance with the United Kingdom Animal (Scientific Procedure) Act of 1986. Adult male Lewis rats were used for these experiments. Food and water were provided ad libitum, with a 12 h light/dark exposure. Surgeries were performed with the rats anesthetized in 2% isoflurane (2 L/min), mixed with oxygen (1.5 L/min).
The virus solutions for injection were prepared by mixing either AAV2-kindlin-1-mCherry or AAV2-mCherry viruses with AAV2-fGFP viruses at a 1:1 ratio, resulting in a final viral load of 1.46 ϫ 10 10 TU/ml. Under anesthesia, rats underwent a left hemi-laminectomy from the level of C5 to T1, to expose the DRGs from C5 to C8. Then, 1 l of the virus was injected into the C6 and C7 DRGs by using a 33 gauge steel needle (Hamilton Company) attached to a 26 gauge 10 l syringe (Hamilton Company), driven by an infusion syringe pump (World Precision Instruments) at 0.2 l/min. The needle was left in place for another 3 min before being removed. Immediately following the injection, a unilateral quadruple dorsal root crush (10 s, repeated three times) was performed on roots C5 to C8 on the left.
Sensory behavior analysis. Lewis rats that had undergone concurrent DRG virus injection and dorsal root injury were tested for changes in temperature and mechanical sensations weekly, until being killed at week 6 (after surgery). For temperature sensation assessment, a portable infrared-emitting light source (Ugo Basile) was placed under the footpads of the rat forepaws. The time that elapsed between the onset of the heat stimulus and the withdrawal of the forepaw by the rat was recorded. If the rat failed to respond to the stimulus after 20 s, the test was terminated. The measurement was repeated three times for each forepaw. For pressure sensation assessment, a probe connected to an electronic anaesthesiometer (model 1601C; Life Science Instruments) was applied to the glaborous footpads of the forepaws, with gradual increases in pressure until the rat withdrew its forepaw. The maximal pressure recorded by the force transducer was then recorded after paw withdrawal. If the rat failed to respond when the force applied reached 200 g, the test was terminated. Five trials were performed for each forepaw, and the average was determined after eliminating the highest and lowest measurements. Six animals each from the kindlin-1-mCherry and mCherry groups were analyzed. Animals that failed to recover their sensation (did not withdraw their paws in response to temperature or pressure) 2 weeks after surgery were not included in the analysis. Comparisons between the groups were performed using two-way ANOVA with post hoc Bonferroni's analysis.
Immunohistochemistry: cryosections. Rats from the dorsal root injury experiment were killed with an overdose of sodium pentobarbital, perfused transcardially with PBS followed by 4% PFA, before being dissected for a 2 cm section of spinal cord attached to the injured roots and injected DRGs. The tissue was then postfixed in PFA overnight, cryoprotected in 30% sucrose solution for 3 d, embedded in OCT (Thermo Fisher Scientific), and cut longitudinally or horizontally using a cryostat into 14 m sections. Sections were washed in PBS, permeabilized with 0.1% Triton X-100, blocked with 10% goat serum, and incubated with primary antibodies (diluted in blocking solution) overnight at 4°C. After incubation with secondary antibodies for 1 h at room temperature, the sections were mounted on slides. Primary antibodies were used against glial fibrillary acidic protein (GFAP) (Dako; Z0334; 1:500), GFP (Abcam; ab6662; 1:500), and mCherry (Clontech; 632543; 1:200).
Axon regeneration assay. To analyze axonal regeneration through the dorsal root injury zone and into the spinal cord, we assessed the number of axons (per section) crossing the following three regions: the crush site, the dorsal root entry zone (DREZ), and the spinal cord. The crush site was defined as a line drawn just proximal to the root crush, the DREZ as the region nearest to the root, which is demarcated by a GFAPimmunopositive boundary, and the spinal cord as any area within the spinal cord ipsilateral to the root crush that is beyond the DREZ. Six animals each from the kindlin-1-mCherry and mCherry groups were analyzed. Comparisons between the groups in each region were analyzed using Student's t test.
Results

Analysis of kindlin-1 and kindlin-2 expression in the nervous system
Previous studies of the expression of the different kindlin isoforms have been focused on tissues in which pathologies have been described, in particular the skin, intestinal epithelia, and hematopoietic-derived cells (Lai-Cheong et al., 2010) . To date, no detailed examination of the expression of kindlin isoforms has been performed in the nervous system. Kindlin-2 is the only isoform that has been detected in the brain (Ussar et al., 2006) . By performing RT-PCR on RNA extracted from cultured DRG neurons and whole brains, we verified the presence of kindlin-2 in these tissues (Fig. 1 A) . Immunocytochemistry performed on cultured DRG neurons, RGCs, hippocampal neurons, and cerebellar Purkinje neurons, meanwhile, also demonstrated that kindlin-2 was expressed by neurons in vitro (Fig. 1C) . Moreover, the localization of kindlin-2 extends from the cell body all the way into the axons (Fig. 1C) . In addition, non-neuronal cells surrounding the neurons in culture, such as fibroblasts, Schwann cells, and astrocytes, all exhibited expression of kindlin-2 (Fig. 1C) .
In contrast, RT-PCR and Western immunoblotting both reported no expression of kindlin-1 in cultured DRG neurons (Fig.  1B) , thus corroborating results from an earlier study that showed the absence of kindlin-1 in the nervous system (Ussar et al., 2006) .
Kindlin-1, but not kindlin-2, overexpression enhances integrin activation and signaling in DRG axons
Previous studies have shown that kindlin-1 overexpression in keratinocytes obtained from Kindler syndrome patients restores the normal cellular phenotype by enhancing integrin activation (Lai-Cheong et al., 2009) . We therefore examined the effects of kindlin expression on integrin activation and signaling in cultured adult sensory neurons. Dissociated DRG neurons were transfected with either kindlin-1-mCherry or mCherry expression vectors, and cultured on laminin or aggrecan-laminin substrata for 2 d in vitro (div). The mCherry fluorescence was visible in the cell body, axons, and growth cones with both constructs (Fig. 2A) . First, we determined whether expression of kindlin-1 alters the amount of ␤1 integrin on the surface of the axons, using immunocytochemistry in unpermeabilized cultures. No difference in the intensity of ␤1 immunostaining on the surface of axons was observed between those transfected with kindlin-1 and with mCherry ( Fig. 2 B) . Next, we asked whether expression of kindlin-1 affects the integrin activation state. A monoclonal antibody that specifically detects activated integrin, 9EG7, was used to stain live unfixed axons to determine the status of integrin activation. On laminin substrate, kindlin-1-expressing axons exhibited more intense 9EG7 immunostaining compared with mCherry control axons (ϩ26.7%; p Ͻ 0.05, Student's t test), indicating that excess kindlin-1 increases integrin activation (Fig. 2C) . On aggrecan-laminin substrates, on which integrins in control DRG axons become inactivated, kindlin-1 expression induced a more marked enhancement of 9EG7 binding in DRG axons (ϩ57.4%; p Ͻ 0.05, Student's t test) (Fig. 2C) . One of the major downstream signaling events following integrin activation and ligand binding is the phosphorylation of focal adhesion kinase (FAK) at tyrosine-397 (pY397 FAK) (Parsons, 2003) . Quantitative analyses of pY397 FAK immunofluorescence intensity showed that kindlin-1 expression did not alter pY397 FAK level in axons from DRG neurons cultured on laminin (in which the level of pY397 FAK is already high) ( p ϭ 0.12, Student's t test). However, when cultured in the presence of aggrecan, which lowers pFAK levels relative to laminin alone, kindlin-1 transfection increased pY397 FAK levels (ϩ25.7%; p Ͻ 0.05, Student's t test) (Fig. 2 D) . Our result therefore suggests that the elevated levels of kindlin-1 can overcome the lowering of pFAK activation due to aggrecan. Overall, these experiments show that kindlin-1 overexpression can activate integrins and increase integrin signaling, overcoming the inhibitory effect of aggrecan.
We also examined the effect of overexpression of kindlin-2 in DRG neurons. Unlike kindlin-1, kindlin-2 is endogenously expressed in DRG neurons. The level of 9EG7 intensity in the axons remained unchanged after kindlin-2 transfection, whether the neurons were cultured on laminin ( p ϭ 0.44, Student's t test) or aggrecan-laminin ( p ϭ 0.58, Student's t test). Together, these data suggest that the status of integrin activation and signaling was not significantly affected by kindlin-2 overexpression.
Kindlin-1, but not kindlin-2, overexpression enhances DRG axon growth on aggrecan-laminin
To investigate whether kindlin-induced integrin activation might affect axon growth, we overexpressed kindlin-1 or kindlin-2 in adult rat DRG neurons. The neurons were cultured on substrates Figure 1 . Expression of kindlin-1 and kindlin-2 in the nervous system. A, Kindlin-2 is expressed by the brain and cultured DRG neurons, as detected by Western blot. B, Kindlin-1 is not expressed by DRG neurons, as validated by RT-PCR and Western blot. Kindlin-1 plasmid was used as a positive control. C, Kindlin-2 is expressed by a variety of cultured neurons, including DRG neurons, RGCs, hippocampal neurons, and cerebellar Purkinje neurons, in addition to non-neuronal cells such as fibroblasts, Schwann cells, and astrocytes. In neurons, the expression extends all the way into the axons. Scale bars: Left to right, 100, 25, 100, 100 m. consisting of either laminin (which activates ␤1 integrins and promotes axon growth) or on an aggrecan-laminin mixture (which inhibits integrin activation and signaling). After 2 div, no differences in axon growth were observed between DRG neurons transfected with kindlin-2 and mCherry control (on laminin, percentage neurons with axons, p ϭ 0.92; axon length, p ϭ 0.23; on aggrecan-laminin, percentage neurons with axons, p ϭ 0.26; axon length, p ϭ 0.78; Student's t test) (Fig. 3A-C) .
Because kindlin-1 increases integrin activation in cultured adult DRG neurons, we asked whether forced expression of this protein would affect axon growth. In transfected neurons, kindlin-1 visualized using the mCherry tag was present in the cell body as well as in the axons and growth cones (Fig. 2 A) . Many of the transfected axons had many short, actin-positive, tubulinnegative sprouts arising from the axon shafts (Fig. 2 A) . On laminin substrates, transfection of kindlin-1 did not enhance the already prolific axon growth from DRG neurons, either in terms of percentage of neurons with axons ( p ϭ 0.44, Student's t test) or axon length ( p ϭ 0.42, Student's t test) (Fig. 3D-F ) . However, when cultured on mixed aggrecan-laminin substrate on which axon growth is inhibited relative to laminin alone, neurons that expressed kindlin-1 displayed increased axon growth. The percentage of DRG neurons bearing axons was returned to almost the control (laminin-only) level ( p Ͻ 0.01, Student's t test) and the average axon length was also significantly increased ( p Ͻ 0.05, Student's t test) (Fig. 3D-F ) . These results indicate that kindlin-1 expression enables DRG neurons to overcome the inhibitory effect of aggrecan on axon growth. Additionally, we also saw a similar effect in PC12 cells transfected to express kindlin-1 (data not shown).
To investigate the effect of aggrecan concentration on the growth-promoting ability of kindlin-1 expression, we cultured DRG neurons on laminin mixed with varying concentrations of aggrecan. At a lower aggrecan concentration (12.5 g/ml), kindlin-1 expression induced a greater increase in axon growth ( p Ͻ 0.05, Student's t test), while at a higher aggrecan concentration (50 g/ml), kindlin-1 expression did not affect axon growth (Fig. 3G) . To determine the generality of kindlin-1 as an integrin activator in promoting axon growth in an integrin-mediated system, we expressed kindlin-1 in DRG neurons cultured on mixed Nogo-A-laminin substrate and found that kindlin-1 expression also enhances axon growth on this CNS myelin model ( p Ͻ 0.05, Student's t test) (Fig. 3H ).
Kindlin-2 is necessary for normal DRG axon growth
The finding that kindlin-1 expression promotes axon growth on aggrecan-laminin substrate, while kindlin-2 overexpression does not have any effect, was unexpected because the effects of the two molecules had previously been thought to be interchangeable. Kindlin-2 is the only form of kindlin present in the nervous system and, specifically, in neurons (Ussar et al., 2006) (Fig. 1 A, B) . This led us to examine whether kindlin-2 is necessary for the normal outgrowth of axons from DRG neurons.
By using an expression vector system to express shRNA targeting two different sequences in the kindlin-2 gene, the effect of knocking down kindlin-2 in DRG neurons cultured on laminin was analyzed. To demonstrate that the level of kindlin-2 was decreased as a conse- quence of kindlin-2 shRNA expression, quantitative immunofluorescence was performed to determine the amount of kindlin-2 protein inshRNA-expressingneurons,demonstrating a significant ϳ50% fall (p Ͻ 0.05 compared with control GFP plasmid; p Ͻ 0.01 compared with scrambled shRNA; Student's t test) (Fig. 4A,B) .
When assayed for axon growth after 3 div, neurons expressing the control GFP vector or scrambled sequence were able to extend axons normally, but those expressing kindlin-2 shRNA exhibited greatly reduced axon length ( p Ͻ 0.01, Student's t test) (Fig. 4C,D) . This suggests that kindlin-2 is involved in the process of axon growth from normal DRG neurons. Assessment of integrin function by pY397 FAK immunostaining revealed a 30.0 -37.1% decrease ( p Ͻ 0.05, Student's t test) (Fig. 4 E, F ) , without a change in the level of total FAK (data not shown), demonstrating that outside-in integrin signaling was decreased in shRNA-transfected neurons compared with GFP or scrambled controls. This is consistent with the idea that kindlin-2 is part of the mechanism for integrin activation (Montanez et al., 2008; Ussar et al., 2008) . Next, to determine whether the inhibition of axon growth due to kindlin-2 downregulation could be rescued by kindlin-1 expression, kindlin-2 shRNA and kindlin-1 expression constructs were cotransfected into DRG neurons. Kindlin-2 shRNA-mediated inhibition on axon growth was overcome by the concurrent expression of kindlin-1, albeit not back to control levels (p Ͻ 0.05, Student's t test), suggesting that kindlin-1 can partially substitute for kindlin-2 in promoting axon growth in kindlin-2-deficient neurons (Fig.  4G,H) .
Kindlin-1 expression in vivo promotes axon regeneration and recovery of sensory functions after dorsal root crush Encouraged by the positive effects of kindlin-1 expression on axon growth in cultured sensory neurons, we asked whether there is a similar effect on the regeneration of severed axons into the spinal cord. To enable expression of kindlin-1 in neurons in vivo, an AAV2-kindlin-1 vector was produced. Kindlin-1-mCherry and mCherry DNAs were subcloned into an AAV vector under a CMV promoter, and subsequently packaged into a serotype 2 AAV as described in Materials and Methods. AAV2 vectors were chosen because they preferentially transduce neurons, give stable long-term gene expression, and are without significant toxicity (McCown et al., 1996) , as had been previously used for the successful transduction of DRG neurons for in vivo axon regeneration experiments (Andrews et al., 2009 ).
Male adult Lewis rats were subjected to unilateral (left) quadruple dorsal root crush at the C5-C8 levels, with concurrent unilateral injection of AAV2-kindlin-1-mCherry or AAV2-mCherry viruses [mixed with AAV2-GFP, at a ratio of 1:1 (v/v)] into the C5-C6 DRGs, as in our previous experiment (Andrews et al., 2009 ). The animals were allowed 6 weeks for recovery and regeneration, during which time they underwent a weekly assess- ment of temperature and pressure sensation, before being killed for histological analysis.
Transduction of AAV2-kindlin-1-mCherry and AAV2-mCherry into DRGs resulted in visible mCherry expression in some neurons in the ganglia (Fig. 5A) . However, beyond the ganglia, the immunostaining was poor with a high background, and we were unable to reliably assay mCherry in axons. Because of this, we further verified kindlin-1 mRNA expression in DRG neurons by in situ hybridization. This confirmed the presence of kindlin-1 transcripts in DRGs transduced with AAV2-kindlin-1-mCherry (Fig. 5B) . In addition, we harvested uninjured DRG neurons injected with AAV2-kindlin-1-mCherry or AAV2-mCherry viruses and cultured them on mixed aggrecan-laminin (25:1 g/ml) substrate as before, and found that the kindlin-1-expressing explants extended longer axons compared with mCherry control (776.79 vs 444.21 m; p Ͻ 0.05, Student's t test) (Fig. 5C) .
The regeneration of sensory axons was quantified by counting GFP-labeled axons crossing the crush site, the DREZ, and in the dorsal horn and dorsal column of the spinal cord, as in our previous studies (Andrews et al., 2009) . At the crush site, no difference in the numbers of axons was observed between kindlin-1 and mCherry control groups (p ϭ 0.28, Student's t test) (Fig. 6A) . However, at the boundary of the DREZ, significantly more regenerating axons were found crossing the region demarcated by GFAP-expressing astrocytes in the kindlin-1 group, compared with control (p Ͻ 0.01, Student's t test) (Fig. 6B,C) . Furthermore, kindlin-1 expression markedly enhanced the number of regenerating axons within the spinal cord, into both the dorsal horn (gray matter) and dorsal column (white matter) (p Ͻ 0.05 for both, Student's t test) (Fig. 6D-G) . These results indicate that transduction of DRG neurons with kindlin-1 promotes regeneration of sensory axons into the CNS environment after dorsal root crush.
The sensory functions of the injured rats were assessed with a hot-plate test and a pressure test, for temperature and pressure sensations, respectively (Galtrey and Fawcett, 2007) . Neither tests revealed any evidence of hyperalgesia, indicating that neither the dorsal root crush nor the DRG virus injection had induced any sensory hypersensitivity in the animals (Fig. 6H,I ). The hot-plate test data for temperature sensation showed that, after dorsal root crush, the level of sensation decreased (i.e., longer withdrawal latency) immediately after injury, but gradually recovered to near-normal levels over the course of the experiment. Animals in the kindlin-1 group demonstrated a faster recovery of temperature sensation than those injected with mCherry virus (p ϭ 0.0001; F ϭ 17.79; two-way ANOVA with post hoc Bonferroni's analysis) (Fig. 6H) . The level of pressure sensation similarly decreased (i.e., increased withdrawal force) immediately following dorsal root crush. However, the recovery of pressure sensation was much slower, such that meaningful values were only obtained from 2 weeks after surgery onward. No difference was recorded in the recovery of pressure sensation between animals in the two groups up to 4 weeks after surgery (p ϭ 0.1874; F ϭ 1.796; two-way ANOVA with post hoc Bonferroni's analysis) (Fig. 6I) . At 5 and 6 weeks, however, kindlin-1, but not mCherry, animals appeared to have recovered more pressure sensation, although this difference was not statistically significant (at 5 weeks, p ϭ 0.17; at 6 weeks, p ϭ 0.22; Student's t test) (Fig. 6I) . 
Discussion
Kindlin-2, but not kindlin-1, is expressed by neurons Kindlin-1 is absent in the nervous system. Kindlin-2, meanwhile, is ubiquitously expressed in all tissues, but studies on its functions have so far been primarily limited to embryonic development, muscle formation, and carcinogenesis (Ussar et al., 2006; Lai-Cheong et al., 2010) , with only one study reporting nervous system abnormalities in kindlin-2-deficient zebrafish (Dowling et al., 2008a) . Although kindlin-2 mRNA has been detected in the brain, the precise expression location has not been explored (Ussar et al., 2006) . Here, we examined kindlin expression in neurons and glia in the PNS and CNS. In DRG cultures treated with antimitotic drugs to remove non-neuronal cells, RT-PCR demonstrated kindlin-2 transcript in the neurons. In addition, immunocytochemistry on cultured DRG neurons, retinal ganglion cells, hippocampal neurons, and cerebellar Purkinje neurons all demonstrated that kindlin-2 is expressed by neurons, as well as by non-neuronal cells including fibroblasts, Schwann cells, and astrocytes. In these in vitro studies, kindlin-2 protein was detected in all parts of the neuron, including the cell body, dendrites, and axons, reaching their distal tips. Endogenously expressed kindlin-2 is therefore present in growth cones where it can associate with integrins to affect axon growth. We also searched for kindlin-1 in neurons and glia, confirming that it is absent in the nervous system (Ussar et al., 2006) .
Kindlin-1 expression enhances integrin activation and signaling
Kindlins have been shown to participate in integrin activation in collaboration with talin (which is also expressed by DRG neurons). Expression of kindlin-1 in DRG neurons increased the proportion of axonal integrin in the activated conformation, and also increased integrin signaling as demonstrated by the phosphorylation of FAK. These effects were greater when the axons were cultured on a substrate that contained a mixture of the CSPG aggrecan (representing inhibitory CSPGs upregulated at sites of CNS damage) and the integrin ligand laminin. Aggrecan inhibits integrin-mediated axon growth through inactivation of integrins, so the ability of kindlin-1 overexpression to overcome this inhibition is of significance for axon regeneration in the damaged CNS. Meanwhile, kindlin-2 overexpression did not affect integrin activation or signaling.
Kindlin is necessary for axon growth
We observed that shRNA-mediated knockdown of kindlin-2 greatly impaired axon growth from DRG neurons. Similar effects on other integrin-mediated processes had been observed following depletion of kindlin-2 [e.g., in mouse myoblasts, which failed to spread or expand normally during myocyte elongation; or in mouse ESCs, which adhered poorly to laminin and fibronectin (Dowling et al., 2008b; Montanez et al., 2008) ]. The reduction of pY397 FAK levels in kindlin-2 shRNA-transfected axons is also consistent with data showing that kindlin-2 knockdown in murine ESCs or ␣IIb␤3-expressing CHO cells suppressed activation of integrin (Montanez et al., 2008; Ussar et al., 2008) . Interestingly, we were able to replace the function of endogenous kindlin-2 through transfection of kindlin-1.
Overexpression of kindlin-1 and -2 also had different effects on axon growth, consistent with their effects on integrin activation and signaling. Kindlin-1 expression enhanced axon growth, and enabled the axons to overcome the inhibitory effect of aggrecan on mixed aggrecan-laminin substrate. Kindlin-2 overexpres- I ).***pϽ0.001;**pϽ0.01;*pϽ0.05;n.s.,notsignificant.
